Optical Detection of Acoustic Emission Signals by Palmer, C Harvey & Green, Robert E, Jr
OPTICAL DETECTION OF ACOUSTIC EMISSION SIGNALS 
C. Harvey Palmer 
Department of Electrical Engineering 
Johns Hopkins University, Baltimore, Maryland 21218 
Robert E. Green, Jr. 
Department of Mechanics and Materials Science 
Johns Hopkins University, Baltimore, Maryland 21218 
ABSTRACT 
Piezoelectric transducers, long used in the generation and detection of ultrasonic waves, have more 
recently been the detector of choice for acoustic emission signals. Optical probing methods, however, 
have several important advantages for acoustic emission studies: (1) they have an inherent broad fre-
quency response, free from mechanical resonances, (2) they do not interfere with the acoustic waves. 
(3) since the focused optical beam d1ameters are typically only a few hundredths of a millimeter, 
optical methods can probe very close to a crack or a tw1n, (4) they can probe internally in transparent 
media, and (5) they can be used over a very wide temperature range. In this paper we compare the 
response of an optical probe with that of a com~ercial acoustic emission transducer. Since the optical 
probe permits absolute calibration, we can not only measure dcuustlc emission a.plltudes, but also 
determine the quantitative response of the piezoelectric transducer to known acoustic disturbances of 
various kinds over a range of frequencies. We include measurements of real acoustic emission from 
twinning in two metals and stress corrosion cracking in steel. 
Introduction 
Elastic waves are commonly used for the non-
destructive evaluation of materials and struc-
tures. One methodl employs transducer generated 
pulses of ultrasonic waves which are directed 
1nto the material and sensed either by the same 
transducer (pulse-echo) or by a separate trans-
ducer located at another point on the specimen 
(pitch-catch). By timing the return of the 
various echoes, we can determine the location of 
flaws. By monitoring the attenuation of the 
ultrasonic waves, we can determine changes in the 
microstructure of the material. Reception of 
the ultrasonic signals in this method is easy be-
cause with periodic signals of simple waveform, 
the required bandwidths are narrow and the echo 
return repetitive. 
A second method2 involves the passive recep-
tion of naturally generated bursts of elastic 
waves called acoustic emission. Acoustic emis-
sion signals may be characteristic of the gen-
erating mechanism, twinning, crack propagation. 
or dislocation motion and thus very informative. 
Such emission is known to increase dramatically 
prior to failure of the material -- hence its 
importance. However, because acoustic emission 
arises at unknown locations, at random times, 
and with an unanticipated waveform 1nvolving a 
relatively broad range of frequencies, it is 
much more difficult to detect than the ultra-
sonic pulses used for the first method. 
Although optical methods have been shown to 
be invaluable for the detection of ultrasonic 
waves of all kinds, they have not been applied 
to the detection of acoustic emission bursts 
until now. Several optical techniques such as 
the knife-edge technique3, diffraction tech-
nique4,5, and differential interferometry6 are 
unsuitable for various reasons. In this paper 
we describe an optical method which does work, 
and which has important advantages. 
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In Section II of the paper we briefly de-
scribe the instrumentation, show how it may be 
absolutely calibrated, and indicate the minimum 
distur~ance amplitudes that we can measure. In 
Section Ill we demonstrate the similarity of 
optically detected and piezoelectrically detected 
signals when they are sensed under similar con-
ditions. Jn Section IV W! illustrate one of the 
several advantages of optical probing by showing 
waveforms obtained within a half millimeter of 
a crack. 
Instrumentation 
The optical probe used in our experiments is 
a modified Michelson interferometer having a 
stabilized optical path difference. As shown in 
Fig. 1, an expanded, collimated laser beam is 
incident from the left on a beam splitter. 
Light reflected downward is focused on a mirror 
at P and provides the reference path. Light 
transmitted by the beam splitter is focused on 
the specimen surface. The two returning beams, 
reference and sample. are recollimated and super-
imposed above the beam splitter where they form (ideally) a single, uniform interference fringe. 
The light focused on a photodetector, D, generates 
a photocurrent having both low frequency and high 
frequency components. 1le low frequency compo-
nents. 0 to about 1 KHz, which resu 1 t from room 
vibrations and atmospheric disturbances, drive 
the stabilization circuit. This circuit trans-
lates the mirror mounted on the piezoelectric 
drive in such a way as to maintain a quiescent 
optical phase difference w/2 ~ 2Nn between the 
reference and sample bea.s corresponding to the 
maximum sensitivity to s~all high frequency sig-
nals. The signal frequencies, typically 10 KHz 
to 1 MHz, are amplified, displayed on the oscillo-
scope, and generally recorded on video tape as 
well. 
The interferometer is calibrated by substi-
tuting for the specimen • second piezoelectrically 
driven mi rror. This unit, driven at its resonant 
frequency , approximately 140KHz, by a variable RF 
voltage of sufficient amplitude provides a large, 
control led sinusoidal mirror displacement, 6 • 
6 cos wdt, where 60 is the ~litude and wa is the R~ rdd1an f requency . For a d1Splacement from the 
quiescent w/2 phase difference, the photocurrent is 
given by 
; photo • (aPi/2) [i - sin(4w6/>. )]. (1) 
In this expression, a is the sensitivity of the 
photodetector (amps/watt optical power), Pi is 
the laser beam power, and .1. is the optical wave-
length. The amplifier output voltage for a 
sinusoidal disturbance is then 
For sufficiently large disturbances, the peak-
to-peak output voltage is 2l so that we have the 
required constant for absolute calibration. The 
minimum disturbance amplitude needed to give 
thi~ voltage, Veal' is evidently 
4•6o/A ; •/2 or 60 • .1./8 = 791A . (3) 
The wavefo~ corresponding to this displacement 
is shown in Fig. 2; it is it excellent agreement 
with the theoretical curve given by Eq. 2. 
Having determined the const.nt ZK, w~ now c?n-
s ider small signals, and this approx1mate s1n x 
by x i n Eq. 2. Solving for the instantaneous 
di splacement, we obtain 
(4) 
The minimum detectable displacement 6 ·n is 
easily calculated theoretic.11ly by observiWg 
that the noise level is determined by the shot 
current in the photodetector generated by the 
constant power aPi/2, the first term in Eq. 1. 
We find 
{5) 
where e is the charge on the electron and B the 
amplifier bandwidth. For our instrument, 
8 • 1 MHz, Pi • 1 mW, and ~ = 0.4 amp/watt, and 
we f ind that 6mi z 0.04 ~ The actual measured 
minimum detectab~e am~litu<l! is about l/2 A. 
For piezoelectric sensing we used a commer-
cial piezoelectric acoustic emission transducer 
having a broad frequency response centered at 
500 KHz. The signals detected by both the optical 
sys tem and the piezoelectric transducer were fed 
through identical adjustablt band-limiting filters 
for our comparisons. In the twinning experiments 
we set the bandpass at 10 KHz to 500KHz, and in 
the s tress corrosion expert-ents we used 10 KHz to 
1 MHz. In addition, we used two identical video 
tape recorders to obtain a permanent record of the 
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sign1ls which we could later pley back through 
the oscilloscope at any desired sweep speed or 
voltige gain. The audio portions of the two tapes 
were 11sed to identify the particular events as 
seen on the oscilloscope used as a monitor during 
the recording process. We are thus ab 1 e to com-
pare the same event as detected by the two 
sensors. 
Twinning Experiments - Optical System Tests 
Our optical probe was first tested by sensing 
a variety of simulated acoustic emission signals. 
We also made a comparison with piezoelectrically 
sensed signals and found acceptable agreement. 
After these tests, we made a study of twinning in 
four different metals in which we detected the 
acoustic emission signals both optically and 
piezoelectrically at the same time. As shown in 
Fig. 3, the specimens were held in a clamp which 
was 110unted on tile interferometer base. The 
specimens all had a cross section area of 
6 1/4 x 25 mm and were about 150 mm long. They 
were mechanically polished on one surface. The 
piezoelectric and optical sensors were arranged 
directly opposite each other across the small 
dimension of the specimen. Not shown in the 
figure is a special clamp which held the piezo-
electric transducer on the specimen and allowed 
the optical probing beam to be focused directly 
opposite on the mechanically polished surface of 
the specimen. 
Twinning emissions were generated by bending 
the specimen rather rapidly against the clamp. 
The signals passed between the aluminum clamping 
blocks and were detected by both sensors. Be-
cause the two sensors were close together and 
symmetrically placed, we assumed that the sig-
nals detected would be very similar, though 
they would probably differ somewhat in their 
high frequency components for which the specimen 
thickness is of the order of an acoustic wave-
1 ength or more. 
Figure 4 shows a typical twinning event gen-
erated in a cadmium specimen. The upper trace 
shows the piezoelectric wavefonn; the lower one, 
the optical waveform. The sweep speed for the two 
traces was 50 ~sec/div. The amplitude of the elas-
tic disturbance is seen to build up rather rapidly 
in the first 50 pSec or so and then slowly decay 
in &n oscillatory way which suggests specimen 
resonances. In any case, it is clear that the 
piezoelectric and optical waveforms are very much 
alike. The small high frequency component super-
posed on the piezoelectric signal that is absent 
in the optical signal mey correspond to one of the 
strong resonant frequencies of the piezoelectric 
transducer. (We have not yet measured these 
resonances when the transducer is loaded by being 
in contact with the specimen surface.) 
Typical acoustic emission amplitudes measured 
fr01 direct oscilloscope photographs lie in the 
range 1 to 20A. (Amplitudes as recorded on the 
video tape recorder were more difficult to deter-
mint, since the VTR gain was somewhat uncertain, 
and Nny signals were either lost in tape noise 
or were clipped when the tape became saturated.) 
Figure 5 shows an interesting double twin 
signal in indium displayed at a sweep speed of 
500 ~sec/div. Here again, the upper trace is the 
piezoelectric signal, the lower one is the optical 
signal. The time spacing of the signals is al10st 
exactly the same for the two sensors. The wave-
forms, though very similar, do differ slightly 
as seen when the first part of the first event is 
displayed at SO ~sec/div. The differences, as 
for the cadnium signals, differ mostly in the high 
frequency components. 
We have also recorded a number of other 
signals, both in cadmium and indium and in zinc 
and tin as well. The similarity of the waveforms 
obtained optically and piezoelectrically is 
con vi nci ng. 
Stress Corrosion Cracking in Steel 
Acoustic emission due to stress corrosion 
cracking in steel was also studied both optically 
and piezoelectrically. The specimens were E4340 
steel, austenitized in an argon atmosphere, oil 
quenched, and then tempered at 40ct F for two 
hours. The specimens were 18 x 17 x 75 mm, 
mechanically polished on two sides, and had a 
v-bottomed slot about 25 mm deep machined in one 
end as shown in Fig. 6. The piezoelectric sen-
sor was clamped to the specimen at the position 
shown; the clamp is not shown in the diagram. 
The first tests were done with the optical probe 
positioned opposite the piezoelectric transducer 
as shown in the drawing. In the tests reported 
here, the optical probe was positioned within 
l/2 mm of the crack and moved along to keep 
abreast of the crack as it progressed. 
After the loading bolt was tightened about 
a quarter turn, the specimen was aligned on the 
interferometer plate, and salt solution added. 
When the crack ceased to grow and the acoustic 
~ission stopped, the specinen was removed, the 
bolt tightened further, and the specimen 
repositioned and more salt added. 
Figure 7 shows two recorded events which 
occurred about a second apart. The upper two 
traces correspond to the first event, the lower 
two traces to the second event. The first and 
third traces, displayed at 20 ~sec/div., are 
piezoelectric traces sensed at the position shown 
in Fig. 6. These two waveforms are very simi lar 
indeed. The other two traces, second and fourth, 
were sensed optically within 1/2 mm of the crack. 
These traces are also very much alike, but they 
are very different from the piezoelectric troces. 
We conclude that, not surprisingly, the signat~re 
of an event depends greatly on where it is sensed. 
However, since the minimum specimen dimension is 
8 mm, we note that reflections begin to occur in 
less than 5 usee. We could reasonably expect 
different resonances to be seen at different 
points on the specimen. Accordingly, many of tne 
differences here could be attributed to specimen 
resonances. The higher attenuation at higher 
frequencies would also account for some of the 
differences in waveform. 
Conclusion 
In this paper we have shown that optical 
probing of acoustic emission signals is indeed 
possible, and that the waveforms sensed are in 
agreement with those sensed piezoelectrically 
insofar as a comparison is possible. We have 
verified the general belief that acoustic emission 
waveforms are highly dependent on the location of 
the sensor, and accordingly shown the usefulness of 
optical probes in being able to probe very locally, 
an impossib1l fty with other types of probes, either 
piezoelectric or capacitive. We have determined 
that typical acoustic emission amplitudes lie in 
the range l-20A in many cases. 
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Figure 1. Stabilized optical path interferometer. 
Stabilizer removes low frequency, 0-1 
kHz, disturbances; the high frequency 
signals, >10kHz, are amplified and 
recorded. 
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Figure 3. Mounting of specimens for twinninq 
experiments to verify the perfonnance 
of the optical and piezoelectric 
sensors . 




indium; sweep speed 
The upper trace is 
signa 1 , th.e 1 ower trace 
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Figure 2. Experimental cal i bration curve corres-
ponding to 6Q = A/8. The vertical gain 
is 2 volts/div; sweep speed ·2 ~sec/div. 
The calibration frequency was 140 kHz, 
and Veal= 7.7 volts. 
Figure 4. Acoustic emission in cadmium due to 
twinning. The sweep speed is 50 usee/ 
Fi qure 6. 
div. The upper trace is the piezoelectric 
signal, the lower trace the optical signal. 
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Arrangement of probes for study of E4340 
steel specimens subjected to stress 
corrosion cracking. Here the optical 
probe was positioned along the crack. 
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Figure 7. Two ~coustic emission bursts in E4340 
steel which occurred about a second 
apart. The two upper traces are for 
the first event, the lower two for the 
second event. The piezoelectr ic sensor 
on the specimen side gave the PJEZO 
traces, the optical sensor along the 
cr~ck gave the OPT traces. Note the 
similarity of the two PIEZO traces and 
the similarity of the two OPT traces. 
The large differences between the piezo 
and optical traces results from sensor 
location. The sharp initial spike (see 
arrows) in the OPT traces is not recorded 
by the piezoelectric sensor only about 
20 mm distant. 
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